This article puts forth ideas on how to enhance the engineering curriculum to improve the capacity of engineers to design good looking bridges. Bridges are divided into two groups: premium bridges, for which owners have allocated funds in addition to what is required to perform the required practical function, and practical bridges, for which no such funds have been allocated. The proposed changes to the curriculum focus exclusively on developing ways to improve the visual characteristics of practical bridges, since this will maximize the effectiveness of the proposed changes. New ideas that create additional economic value relative to the status quo are shown to be the primary raw material that can be used by designers to create good looking practical bridges. Recommendations are therefore made to increase the capacity of future engineers to design bridges that embody new ideas that create economic value.
Introduction
The way bridges look is important. Beautiful bridges evoke positive emotions in people and thus enhance quality of life, whereas ugly bridges do the opposite. Bridges embody particular characteristics that give their appearance special importance relative to other visible objects. Because of their size, shape and component materials, bridges are objects of considerable prominence. They always stand out from their visual surroundings. This implies that the impression made by the way bridges look will be strong relative to the impression made by many other types of objects. For example, although the bridge in Fig. 1 is relatively small compared to the entire field of vision, it stands out within the image because of its colour and shape, neither of which is matched by any other object in the image.
In addition, bridges have a high degree of permanence, which implies that their capacity to make a strong visual impression will be maintained over time. This is a direct consequence of the fact that bridges are fixed in both space and time, often for many decades. The view seen in Fig. 1 , for example, is largely unchanged from what would have been observed in the 1930s. The prominence of the bridge within the viewscape is thus not merely a passing event, but rather a situation that, relative to a human lifespan, can effectively be regarded as permanent.
Because the visual impression created by bridges can be strong and long lasting, it follows that the way bridges look should indeed be regarded as important. One would therefore expect to find a high standard of visual quality in bridge design. This, however, is generally not the case. With few exceptions, the appearance of bridges is at best mediocre and gives the impression that visual qualities were given little or no consideration by their designers. This situation is well known within the bridge engineering profession and to laymen. Yet a way forward, by which engineers can produce bridges of higher visual quality, appears to remain elusive.
Of particular relevance to this situation is the fact that most engineers receive no formal education in how to design bridges that make a positive visual impression. If we accept that the way bridges look is important, however, then we must teach it and teach it well. In response to this imperative, this article puts forth ideas on how to enhance the engineering curriculum, so that it can provide future bridge engineers with the means to design bridges that not only satisfy practical requirements, but are also of high visual quality.
The Current Situation in Education
There is usually little or no formal treatment of aesthetics in the curriculum. In lectures, professors might occasionally offer a few platitudes on the importance of symmetry. Student design projects, which should be an ideal vehicle for teaching how to integrate aesthetics into design, are most often a lost opportunity. In these projects, the structural systems are often defined by the instructor ahead of time, which severely limits opportunities for students to explore visual possibilities. A small fraction of the total mark (often around 5%) might be awarded for "aesthetics". This is too small to be a significant incentive to produce good work, is usually awarded on the basis of arbitrary criteria and formalizes a separation between the visual and the purely technical aspects of design.
An almost exclusive focus on analysis leads students to believe that any consideration of aesthetics is unworthy of "real" engineers. The situation is not helped by the current complement of professors who, with very few exceptions, have never practiced design to any significant extent and who are almost exclusively focused on developing a research program. It is therefore not surprising that most professors have no interest in how to create beautiful bridges or ability to help students learn how to do so.
Very little suitable material exists that could be used by instructors as a basis for teaching. Although eminent designers such as Menn 1 and Leonhardt 2 have included practical suggestions on how to improve aesthetic quality in their textbooks on bridges, the treatment is far from comprehensive. This can lead to situations where bridge designs that follow these suggestions can have significant visual flaws. For example, Menn 1 proposes transparency as an important property of aesthetically pleasing bridges without discussing in detail how this property really contributes to creating aesthetic quality. This can lead to problems, as illustrated by the bridge in Fig. 2 , an Peer-reviewed by international experts and accepted for publication by SEI Editorial Board Paper received: December 3, 2015 Paper accepted: January 29, 2016 extremely transparent structure which is unconvincing aesthetically.
Billington has written several books [3] [4] [5] and numerous articles that discuss works of engineering as structural art, a medium that is related to but distinct from both sculpture and architecture, and which is associated with three key qualities: efficiency, economy and elegance. Billington's eloquent works demonstrate definitively that technical and visual excellence can co-exist within the same work. They dispel the misconceptions that good engineering is all about calculations and that concern for visual quality is inconsistent with good engineering. Through their detailed analyses of works by the greatest designers, they constitute a rare and valuable source of inspiration for students. Yet they provide little in the way of an actual foundation for learning how to design this type of bridge or guidance in tasks faced by designers in actual practice. For this reason, aspiring designers who read Billington's books can end up frustrated, having been shown the ideal without having being shown how to achieve it.
The Current Situation in Bridge Design Practice
Bridges are first and foremost works built to perform the practical function of conveying pedestrians and vehicles over obstacles. Any credible attempt to characterize the current situation regarding how aesthetic matters are treated in current design practice must therefore give due consideration to this fundamental fact. In this article, therefore, the significance of a given bridge will be defined by two primary attributes: the way it looks (i.e., the visual impression it creates) and the way it works (i.e., how it performs its required practical function).
Bridges thus hold much in common with works of the applied arts such as pottery and furniture, since the significance of these works is also defined both by the way they look and the way they work. We can admire the shape of a pot or a chair, but the pot must also hold water and the chair must support the weight of the person who sits on it. Following a similar logic, we can see that bridges have much less in common with the fine arts such as painting and sculpture. Because these works perform no practical function, their significance originates entirely from the way they look.
The architectural historian Carl Condit goes as far as to argue that bridges are fundamentally different from works of painting and sculpture and thus must not be regarded as works of art. 6 According to Condit, art is defined not so much by beauty, but by "layers of symbolic meaning". These layers of meaning can certainly be found in the great works of sculpture and painting, as evinced by a rich body of scholarly writing, each member of which purports to peel a new layer of meaning from these works. Condit claims that bridges do not embody this richness of meaning, and thus are not works of art in the same sense as works of painting and sculpture are. Indeed, the predominance of the practical function of bridges generally makes it impossible to identify within a given bridge any credible meaning other than the one defined by the way it works.
The three-dimensional geometric form of any visible object obviously determines the way that object will look. Whenever this form is also of relevance to the practical function to be performed by that object, there will be a link between the way the object looks and the way it works. When such links exist, an attempt to understand the visual impression created by a given object without consideration of how that object performs its practical function will be incomplete at best. For the bridge shown in Fig. 3 , for example, it is crucial to understand that, although the parabolic shape of the cables makes a strong visual impression, the selection of this shape was not made on the basis of the way it looked, but rather because it was an efficient structural system to carry the given loads. In this article, the relation between the way bridges look and the way they work will be examined from the perspective of cost. Bridges are relatively expensive works that are usually paid for using public funds. It is therefore always legitimate to consider how much money was spent for a given bridge in relation to the benefits that resulted from the expenditure. In this case, the specific benefit to be considered will be the visual impression created by a given bridge. Bridges will thus be classified into two groups, according to whether or not funds, over and above what would have been required to satisfy the purely practical requirements, were spent with the specific intent of creating a visual impression. Bridges that received additional funding to create a visual impression will be called premium bridges. Bridges that received no such additional funds will be called practical bridges. It will usually not be necessary to rely on actual financial documentation to determine whether a given work is a premium bridge or a practical bridge. People who have a reasonable knowledge of bridges will generally be able to classify a given work on the basis of visible characteristics alone. The characteristics of both groups of bridges are discussed in greater detail in the remainder of this section.
Premium Bridges
Premium bridges create their visual impression by two primary means: ornamentation and structural exhibitionism.
Ornamentation refers to features that have been added onto a structural system to create a specific visual impression, but which do not contribute to the structural system except possibly by adding load. If these features had not been provided, the bridge would look different but would essentially work the same. The bridge in Fig. 4 is an example of an ornamented bridge. The ornamental features include the intricate masonry cladding of the main towers and the sculpted lions at the ends of the bridge. This bridge, which was completed in 1849, demonstrates that premium bridges are not just a phenomenon of the current era.
Ornamentation continues to be used on modern bridges, often to simulate a historical look or to establish a visual link with symbols that are important to the surrounding community. Figure 5 , for example, shows a bridge built to carry animals safely across a busy freeway. Perhaps as a way of informing motorists passing under the structure of the purpose of the bridge, it has been clad with concrete panels bearing images of moose, bear and other types of animal that might use the bridge. These panels could easily have been omitted without changing the ability of the bridge to perform its practical function.
Funds allocated specifically to create a visual impression can also be spent on the structural system itself. This is accomplished by exploiting the visual possibilities offered by deliberately making load paths that are longer and/or less direct than would be required to perform the practical function. The intent is usually to create an impression of originality, boldness or novelty. In this article, creating a visual impression in this way will be called structural exhibitionism.
Making load paths that are longer than required to perform the practical function generally involves making spans that are longer than necessary. Long spans are often perceived as bolder visual statements not only by virtue of their length, but also because they can open up more possibilities for visually rich structural systems such as those using towers and cables. The bridge shown in Fig. 6 is an example of such a structure. It is a low level crossing of a river with a single cable-stayed span of 206 m, located adjacent to an older crossing of approximately equal total length. The older bridge crosses the river with four arch spans. Compared to the older structure, the longer span of the newer bridge does indeed project an impression of boldness.
The two bridges have essentially the same practical function, namely, to There do not appear to have been any changes in the requirements for navigation under the bridge between the times of construction of the two bridges that might have created the need for longer spans on the new bridge. The proximity of the two structures implies that geotechnical conditions along the two alignments are essentially identical. It would thus have been feasible to have constructed foundations in the river along the alignment of the new bridge. Any differences in the number of traffic lanes or design live load are of little relevance to this discussion, since these are not normally significant factors affecting the arrangement of spans. The older bridge thus provides convincing evidence that a four-span structure would certainly have been adequate to perform the practical function of the new bridge and would most probably have performed the function more economically than a single cable-supported span. The single 206 m span of the new bridge thus represents a significant additional cost that cannot be attributed to any requirement related to practical function, but rather was incurred entirely to create a visual impression.
The same cable-supported bridge shown in Fig. 6 also illustrates the consequences of using indirect load paths for visual effect. The tall inclined tower with stays arranged on only one side certainly creates a strong visual impression, conveying a sense of strength due to the considerable cross-section dimensions of the tower, and also of imbalance due to presence of stays on only one side. The arrangement of stays implies, however, that the horizontal component of force in the stays must be resisted by the tower itself. The designer has used both the inclination and the self-weight of the tower to establish equilibrium with the forces in the stays due to dead load. This arrangement is much less efficient than a more conventional detail with stays anchored on both sides of a vertical tower, since the axial force in the inclined tower with stays on only one side is greater than the sum of the vertical components of force in the stays, and equilibrium can only be established by accounting for the weight of the tower. This requires considerably more material in the tower than for the more efficient arrangement.
Making forces flow along indirect load paths such as this is always inefficient and thus always adds cost. When indirect load paths involve primary structural members, the increase in cost relative to a system with a direct load path can be significant. Indirect load paths do not provide any enhancement to the capacity of a given bridge to perform its practical function. The additional cost required by the indirect load path is thus entirely associated with the creation of a specific visual impact.
Premium bridges are firmly implanted in the public consciousness, due to their prominence in the viewscape of many cities and also due to the coverage they receive in the lay media. Notwithstanding this, however, it has always been highly uncommon for owners of bridges to spend money, in addition to what is required to satisfy requirements related to practical function, to create a visual impression. As a result, premium bridges make up only a very small proportion of the total number of bridges built in a given year.
Practical Bridges
The vast majority of bridges are practical bridges, i.e., bridges for which owners have allocated no funds for the specific purpose of creating a visual impression. Practical bridges will thus be devoid of ornamentation and structural exhibitionism. It certainly cannot be inferred that owners of practical bridges intended these bridges to be ugly. Rather, it is probably more accurate to state that the owners did not particularly care about how these bridges would look.
Works are classified as practical bridges based on a sole criterion, namely, that no money was spent on the bridge with the specific intent of creating a visual impression. Other qualities, such as structural efficiency, economy and visual quality are not considered in classifying a given bridge. The set of all practical bridges thus includes works that cover broad spectra, from inefficient to highly efficient, expensive to economical, and ugly to attractive.
The bridge shown in Fig. 7 is an example of a practical bridge. It is a single-span overpass spanning a fourlane highway. Its structural system consists of parallel precast concrete Igirders with cast-in-place concrete deck slab, supported on abutments constructed of mechanically stabilized earth walls. There is clearly no evidence of ornamentation or structural exhibitionism.
Overall, the visual impression is one of heaviness, due not only to the relatively deep girders but also the solid concrete barrier that extends over the entire length of the bridge. The visual quality of the bridge is mediocre at best, and there is no visible evidence that the designer or owner of this bridge were concerned about how it would look. The lack of visual quality in this bridge is inconsistent with its high potential for visual impact. This is a very exposed work of considerable visual prominence that will be seen by hundreds of motorists every day as they drive under the structure.
The visual impression made by this bridge is consistent with the adage "you get what you pay for". In other words, the appearance of this bridge is mediocre because its owner did not spend money specifically to create a positive visual impression. Although there is some validity to this logic, it does not apply to a small but significant set of practical bridges that have rich aesthetic significance.
The bridge shown in Fig. 8 , Robert Maillart's Salginatobel Bridge, epitomizes this group of bridges. Its main span is a 90 m three-hinged reinforced concrete arch spanning a deep canyon. Short girder approach spans are provided on one side of the main span. There is no trace of any ornamentation or structural exhibitionism in the bridge. According to the definitions used in this article, therefore, the Salginatobel Bridge is a practical bridge.
This bridge is a work of the highest aesthetic quality. Its form is bold yet balanced. The shape of the arch, thin at the springing lines and crown, and thickening towards the quarterpoints, is distinctive and immediately stands out as the primary visible feature. In spite of the fact that this bridge was built over 80 years ago, the shape of the arch conveys an impression of freshness and modernity. Yet there is nothing edgy or unbalanced about the arch. It gives the impression that no other structural system could have been built to span this canyon, and in so doing conveys a deep sense of stability and strength. This is one of the few bridges that has been praised and studied for its visual qualities by both engineers and scholars of the arts, and can rightly be regarded as one of the most important aesthetic achievements in bridge engineering.
The Salginatobel Bridge creates its visual impression through the visible form of its structural system. In this regard, it is similar to premium bridges that embody structural exhibitionism, which likewise use the structural system as the primary means of creating a visual impression. The similarities end here, though. Because the visual impression of premium bridges that use structural exhibitionism depends on making forces flow the wrong way, the visual impression will be one of imbalance and excess, and will always come at a high price. The Salginatobel Bridge has none of these qualities and remains unabashedly a practical bridge.
What to Teach
The remainder of this article discusses enhancements to the engineering curriculum intended to improve the visual quality of bridges. To maximize the potential benefits arising from these changes, it is recommended that this effort be focused exclusively on practical bridges. This focus will not significantly limit the potential for the proposed enhancements to improve the overall visual quality of bridges. Practical bridges currently make up the vast majority of bridges built in any given year. Although it is theoretically possible that owners might decide to increase significantly the proportion of premium bridges that are built, there is no indication that this will happen in the foreseeable future. In any given year, a large number of practical bridges to be built will be prominent works that will certainly make a visual impression. The overpass of Fig. 7 is an example of this type of bridge. For these bridges, serious consideration of visual quality will always be warranted and engineers will need to have feasible strategies in place for addressing the challenges associated with providing this quality.
An exclusive focus on practical bridges involves teaching how to endow bridges with visual quality without spending money specifically to achieve this result. The uninformed might construe this as a potentially futile attempt to get something from nothing. The subset of practical bridges that are aesthetically significant, exemplified by the Salginatobel Bridge of Fig. 8 , demonstrates however that it is indeed reasonable to focus on developing the capacity to design practical bridges of high aesthetic value.
The recommendation to exclude premium bridges from the curriculum has been made to ensure that the limited time and resources available for teaching engineering students can be used to best effect. The requirements governing the design of premium bridges are generally more complex than those associated with practical bridges, and satisfying these more complex requirements usually requires knowledge and skills belonging to other professions. When structural exhibitionism is to be used to create a visual impression, for example, the arrangement and dimensions of primary structural components are no longer chosen to establish a rational and efficient flow of forces, but rather on the basis of a conceptual framework that involves the purely visual characteristics of abstract and symbolic forms. Engineers can be expected to know how to deal effectively with the former challenge because the flow of forces is covered in their education. The challenge of arranging abstract and symbolic visual forms, however, lies far outside the education of engineers. Even something as apparently trivial as the design of the panels depicting wild animals for the bridge in Fig. 5 is likewise not covered in the engineering curriculum. Providing a credible treatment of these and other nonengineering aspects of creating premium bridges, while at the same time maintaining the material currently taught to engineers, would require the program of study to be lengthened significantly and would most likely not be feasible.
The Origin of Aesthetic Quality in Practical Bridges
Enhancements to the curriculum that are intended to improve the way practical bridges look must be based on a clear understanding of how visual quality can be produced in works for which the available funds cover only what is required to perform the specified practical function. In order to gain such an understanding, it is reasonable to begin by examining the works of Robert Maillart, which are practical bridges that have been widely recognized for their rich aesthetic significance.
According to Billington, 3 the essential hallmarks of Maillart's works are efficiency, economy and elegance. These characteristics are intimately linked. If we regard economy and elegance as the goals that drove Maillart's design effort, then an efficient structural system was the means by which he was able to achieve both of these goals in the same design. The efficient structural system enabled the practical requirements to be satisfied with minimum materials, thus ensuring economy. The structural system also possessed an original, harmoniously proportioned shape that provided the raw material used by Maillart to create a work of remarkable visual elegance without requiring additional funds.
Designers of modern bridges, however, have often found it difficult to emulate this relationship among efficiency, economy and elegance in their own works. The bridge shown in Fig. 9 illustrates their dilemma. This structural system consists of precast concrete I-girders, cast-in-place concrete deck slab and a central multiple-column pier.
Although there is no definitive measure of efficiency in concrete structures, the quantities of concrete and prestressing steel contained in this structure are comparable to other feasible girderbased systems, so it is reasonable to consider this to be an efficient structure. In most parts of Canada, it is generally considered to be the most economical solution for overpasses spanning a freeway with a central median, and for this reason, it is almost always chosen for this application.
It is evident that the appearance of this bridge is mediocre at best. Designers usually find the task of endowing this type of bridge with even the slightest measure of visual elegance to be an insurmountable challenge. There is little they can do to improve it visually without increasing cost, which would defeat the underlying reason behind the choice of this system. So for this and many other common situations, it is currently very difficult to design bridges that embody the ideals of efficiency, economy and elegance.
This dilemma originates from two differing interpretations of economy in bridge construction. The designers of the overpass of Fig. 9 solved the problem of finding the lowest cost option by selecting an existing structural system that was the cheapest among all currently known alternatives. This structural system has in fact been used, with remarkably little modification, for over 50 years. Maillart, on the other hand, for bridges such as Salginatobel (Fig. 8) , solved the same problem by creating a radically new structural system that was cheaper than all currently known alternatives. Because the designers of the overpass did not work with new ideas, they could do no better economically than the status quo. Because Maillart created new ideas that deviated significantly from the status quo, he was able to create additional economic value relative to the status quo.
So it is not so much Maillart's ability to design economical bridges that is relevant to the question of aesthetics, but rather his approach to creating economic value through new ideas. For it is these new ideas that provided the raw material for the bold visual statements made by his bridges. The aesthetic significance of Maillart's bridges thus has its origin in new ideas that increased economic value relative to the status quo.
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This link is not unique to Maillart, and can in fact be emulated by any designer who wishes to endow practical bridges with visual quality. Although new ideas have entered bridge engineering relatively slowly in recent decades, this is not because there are no more new ideas to be had. The power of the human creative spirit knows no bounds. It can therefore be taken as a fundamental axiom of engineering that it will always be possible for engineers to create works that are better than works developed in the past to solve similar problems.
Creating new ideas that improve on the status quo is not a trivial undertaking, and it is always easier for engineers to propose known solutions that require little or no creative effort. Engineering's fundamental contribution to society, however, is as a creative profession. The most important benefits that the profession has brought to society have always been by creating value through new ideas and not by duplicating existing ones.
Putting new ideas into practice always involves risk. For bridges, the human and financial loss that could result from works that do not perform as expected can be great. It could argued that, although building the same type of bridge for a given type of crossing deprives society of the benefits of new ideas, it also minimizes the risk associated with them, which in the long term is good for society. This perspective betrays a lack of understanding of the true nature of our profession. What distinguishes engineering from other creative occupations is that engineers have mastered relevant principles of science. The role of science in the engineering design process is to demonstrate that works, when built in accordance with a given design, will satisfy applicable requirements. This validation can be accomplished while the design is still "on paper", i.e., long before capital is committed to construction and lives are exposed to risk. This is made possible by the ability of scientific principles to predict accurately and reliably the behaviour of physical systems. New ideas therefore need not be a risky step into the unknown but rather can be conceived to create new value and validated to keep risk within acceptable limits.
The key to designing practical bridges of high visual quality is therefore to understand that the ideals of efficiency, economy and elegance identified by Billington 3 can only be emulated when economy is understood as an increase in economic value relative to the status quo, made possible by new ideas. Achieving economy by merely selecting the lowest cost option among several established alternatives will not provide an effective basis for creating practical bridges of aesthetic significance. Because new ideas that create additional economic value relative to the status quo create the necessary conditions for new visual expression, they can therefore be regarded as the origin of aesthetic significance in practical bridges. Works that embody such new ideas will be referred to in this article as good bridges.
How to Teach It
Teaching students how to design good-looking practical bridges involves two primary challenges. The first is to teach them to design good bridges, i.e., bridges that improve on the status quo by incorporating new ideas that increase economic value. Without these new ideas, designers are stuck with the limited visual possibilities of known systems. The second challenge is to work with the possibilities created by the new ideas to endow bridges with aesthetic significance.
Because learning to design good bridges satisfies a necessary condition for the design of good looking practical bridges, there is little point in trying to convey elements of aesthetic design if students have not first learned how to design bridges that incorporate new ideas that create value. A strong initial emphasis on the design of good bridges will also help to convince engineering students that aesthetic significance is not the result of a decorative process that they are neither trained nor inclined to do, but rather an objective that can only be reached through a process that cannot be separated from excellence in the technical domain. In addition to providing the foundation for the design of good looking bridges, teaching students to design good bridges will produce real economic benefits for society. As long as engineers continue to design structural systems that have changed little in several decades, such as the overpass of Fig. 9 , the profession deprives society of the benefits arising from bridges that create value.
The primary elements that must be present in a curriculum that teaches engineers to design good bridges consist of knowledge, skills and values.
Knowledge is understood here to mean the conceptual raw material that is used in the process of creating and validating new ideas. Although the current curriculum is heavy on many types of knowledge, one crucially important topic that is generally absent is detailed knowledge of completed bridges. In every area of creative endeavour, the systematic study of completed works is an established pedagogical vehicle. If you want to become a novelist, then it is universally agreed that you should read novels. It therefore should follow that if you want to design bridges, then you should study bridges.
The works to be studied should be bridges of considerable quality. The types of bridge that are built most often in a given region (such as the overpass of Fig. 9) should not be included if these bridges embody outdated technology and offer few opportunities for aesthetic expression. Although structural analysis will be required in the study of these works, the intent is not merely to create an exercise in structural analysis. More important is for students to identify F ig . 9: Two-Span Overpass, Canada the most important design decisions that resulted in the definition of the primary systems and components, to understand why these decisions were made, and to find ways in which the bridge can be improved. The detailed study of completed bridges will give students a body of knowledge that supports all stages of their learning process, providing useful starting points for their own design efforts, a meaningful context that gives added significance to just about everything that is taught in the curriculum and a basis for acquiring an effective critical sense.
Skills are the conceptual tools that are used to transform available knowledge into new ideas. The most important skills that must be taught are drawing and the use of scientific principles as a means of validating new ideas.
Drawing is the most powerful tool available to engineers in the creative process. As the primary means by which ideas are brought from the mind onto paper, it is the first step in bringing designs into reality. Less obvious but just as important, however, is that drawing is also an effective means of actually helping to create new ideas within the designer's mind. The link between drawing and creativity is well documented, 7 and is a result of the fact that both of these tasks rely on the right side of the brain. If students learn to draw and use drawing consistently as a tool in the design process, they will inevitably think creatively.
But drawing must be taught. Students must develop sufficient technical proficiency to enable them to concentrate on what they are drawing rather than how they need to draw it. Drawing from the imagination (what the mind sees) is more relevant to the design process than drawing from real life (what the eye sees). Although the medium that is used (by hand or by computer) is of secondary importance, freehand drawing, when mastered, is still superior to current computeraided design (CAD) technology as a tool in the crucial initial stages of the design process.
The second important skill is using scientific principles to validate new ideas. Although the principles of science already occupy a significant portion of the curriculum, the application of these principles tends to be restricted to standard exercises involving the dimensioning of common components and the calculation of forces and displacements using complex computer models. This does not give students adequate exposure to using the principles of science as a means of dealing with the unknown. Instead, the reference set of completed bridges discussed previously can be used to demonstrate how scientific principles were used to validate new ideas embodied in these bridges. Students can then be challenged to validate the new ideas they have developed in their own design exercises and projects. The emphasis should always be on simple and rational applications of fundamental scientific principles rather than high complexity, which is generally not necessary.
In the present context, values refer to a basis for determining what is good and what is bad in design. Consideration of this question in the current curriculum is usually restricted to whether or not stresses due to a given loading are less than allowable limits. Future designers of bridges require, however, a means of dealing effectively with design requirements which are invariably more complex. This can be taught through the study of completed works. Students must be challenged to develop their own critical sense, to enable them to identify what was done well and what could have been done better. Giving students a sense that even the best works can be improved will also help to convince them of the fact that the opportunities to create value through new ideas are unlimited.
Good bridges are not necessarily good looking bridges. Rather, good bridges embody raw material that can be shaped by competent designers into works of aesthetic significance. Teaching students to take advantage of the visual opportunities provided by this raw material is even more challenging and less straightforward than the task of teaching them to be creative with the intent of increasing economic value. There are no simplistic solutions to this challenge. Teaching students to design good looking practical bridges relies on teachers who have a strong appreciation for form and proportion, who understand and have embraced the relation between good bridges and good looking bridges, and who have a flair for bringing out the best in keen young students. With this in mind, the following suggestions are made to help in developing effective solutions to these challenges.
Many of the curriculum elements proposed for teaching the design of good bridges will be directly applicable to teaching the design of good looking bridges. Skill in drawing, required as a primary tool in the creative process, can of course be put to good use in demonstrating the visual consequences of any design decision. Students who acquire the habit of drawing will find they have also significantly refined their sense of form and proportion. A mature critical sense, honed through careful study of a representative body of completed bridges, applies equally to the assessment of design decisions related to economic value as well as decisions related to visible form. Well-developed creative faculties likewise can be applied equally well to developing new ideas with the goal of increasing economic value as to the related task of giving designs a pleasing visible form. The point is to get students to develop their creative faculties, regardless of where their creative efforts need to be directed.
Within the task of giving a good bridge an aesthetically pleasing form, the primary creative focus must be maintained on creating economic value. Students must be taught to resist the temptation to allow aesthetic concerns to dominate and displace this focus of the work. Teachers are therefore advised not to refer to the great works of bridge engineering as structural art, a term coined by Billington.
3 Encouraging future designers of bridges to think of themselves as artists increases the likelihood of shifting the focus too much towards purely aesthetic concerns, which in turn can lead to the transformation of practical bridges into premium bridges. Condit's characterization of the best bridges as "an uncommonly high level of technology, which also possesses a genuine aesthetic character, though one that is limited to the structural and the strictly visual" 6 is much more useful in this regard, since it acknowledges the primacy of the practical function, which must always be the primary creative driver.
Concluding Remarks
The fundamental challenge that underlies increasing the visual quality of practical bridges is that of bringing new ideas that create economic value into bridge engineering on a consistent basis. The introduction of new
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ideas requires both the capacity to create these ideas and the demand for these ideas. This article has outlined some thoughts on how to increase the capacity to produce new ideas through enhancements to the way we educate engineers.
Creating a steady demand for new ideas is a challenge in itself, since it is strictly speaking out of the hands of design engineers. In many cases, though, the public sector administrators who commission new bridges will themselves be engineers. If they receive the same enhanced education as their designer colleagues, it is likely that they will be more receptive to new ideas than many current administrators. Furthermore, if the quality of the new ideas is consistently good, then it will be increasingly difficult for administrators to deny the public they serve the benefits of these new ideas.
It is of course neither intended nor expected that the proposed enhancements to the curriculum will transform the next generation of bridge designers into an army of Maillarts. Rather, the objective is to bring about a more modest but still significant increase in economic value and visual quality across the entire inventory of bridges. More importantly, though, it is expected that the proposed changes to the curriculum will bring about a fundamental change in the culture of bridge design and hence a marked improvement in ability of the engineering profession to give society better bridges and better looking bridges.
